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In  this  work  structural  and  transport  properties  of  layered  Lii+x(Mn1/3Coi/3Ni1/3)i_x02  oxides  (x  =  0;  0.03; 
0.06)  prepared  by  a  “soft  chemistry”  method  are  presented.  The  excessive  lithium  was  found  to  signif¬ 
icantly  improve  transport  properties  of  the  materials,  a  corresponding  linear  decrease  of  the  unit  cell 
parameters  was  observed.  The  electrical  conductivity  of  Lii.o3(Mn1/3Coi/3Ni1/3)o.9702  composition  was 
high  enough  to  use  this  material  in  a  form  of  a  pellet,  without  any  additives,  in  lithium  batteries  and  char¬ 
acterize  structural  and  transport  properties  of  deintercalated  Li1.03-y(Mni/3Coi/3Nii/3)o.9702  compounds. 
For  deintercalated  samples  a  linear  increase  of  the  lattice  parameter  c  together  with  a  linear  decrease 
of  the  parameter  a  with  the  increasing  deintercalation  degree  occurred,  but  only  up  to  0.4-0.5  mol  of 
extracted  lithium.  Further  deintercalation  showed  a  reversal  of  the  trend.  Electrical  conductivity  mea¬ 
surements  performed  of  Lii.o3_y(Mn1/3Coi/3Ni1/3)o.9702  samples  (y  =  0.1;  0.3;  0.5;  0.6)  showed  an  ongoing 
improvement,  almost  two  orders  of  magnitude,  in  relation  to  the  starting  composition.  Additionally,  OCV 
measurements,  discharge  characteristics  and  lithium  diffusion  coefficient  measurements  were  performed 
for  Li/Li+/Lii.o3-y(Mni/3Coi/3Nii/3)o.97  02  cells. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nowadays  most  of  commercial  lithium  ion  batteries  use  LiCo02 
as  the  cathode  material.  However,  due  to  the  high  cost  and  toxic 
properties  of  UCo02  many  researchers  focus  their  attention  on  a 
development  of  new  cathode  materials  with  better  properties. 

Recently,  layered  LiNi^Co^Mn^C^,  proposed  by  Ohzuku 
and  Makimura  [1],  and  similar  oxides  are  extensively  investigated 
as  a  promising  advanced  cathode  materials  for  lithium  ion  bat¬ 
teries  [2-16].  LiNi1/3Co1/3Mn1/302  was  found  to  exhibit  a  high 
rechargeable  capacity  and  good  charge-discharge  rate  capabil¬ 
ity  which  strongly  depend  on  the  synthesis  procedure  [17-21]. 
Additionally,  materials  with  the  excess  of  lithium  possess  better 
cyclability,  thermal  stability,  and  rate  capability  than  the  stoichio¬ 
metric  one  [22-25].  However,  if  the  excess  of  lithium  is  too  big  in 
Lii+x(Mn1  /3  Co1/3  Ni^  )i  _x02 ,  it  would  lead  to  a  reduction  of  theoret¬ 
ical  capacity,  therefore  it  must  be  balanced.  Further  improvement  of 
the  electrochemical  properties  of  this  group  of  materials  might  be 
achieved  by  pre-conditioning  of  the  cathode  powders  for  instance 
using  NH3  [26]  or  initial  activating  charge  above  4.5  V  [27]. 
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In  the  present  study  we  focused  on  characterization  of  the 
structural  and  transport  properties  of  Lii+x(Mn1|3Co1/3Ni1/3)1_x02 
layered  oxides  prepared  by  the  “soft  chemistry”  method.  An 
enhanced  electrical  conductivity  of  Lii.03(Mn1/3Co1/3Ni1/3)0.97O2 
composition,  comparing  to  the  stoichiometric  sample,  allowed 
lithium  deintercalation  from  the  cathode  pellets.  We  were  able 
to  characterize  the  structural  and  transport  properties  evo¬ 
lution  as  a  function  of  lithium  content  for  such  prepared 
Lii.03_y ( Mn! /3 Co i/3  Ni! /3  )0.97 02  materials. 

2.  Experimental 

Lii+x(Mn1/3Co1/3Ni1/3)i_x02  oxides  with  x  =  0;  0.03  and  0.06 
were  synthesized  by  the  “soft  chemistry”  method  with  ammonia 
salt  of  ethylenediaminetetraacetic  acid  (EDTA)  used  as  a  com- 
plexing  agent.  The  required  amounts  of  Li2C03  (POCh,  p.p.a.), 
C4H6Mn044H20  (Fluka,  p.p.a.),  Co(N03)2-6H20  (POCh,  p.p.a.),  and 
Ni(N03)2-6H20  (Aldrich,  p.p.a.)  were  put  in  a  minimal  amount 
of  deionized  water.  While  stirring  the  solution,  C6H807-H20  was 
added  to  dissolve  Li2C03.  Then,  ammonia  salt  of  EDTA  was  added 
to  the  mixture  as  a  complexing  agent.  The  obtained  solutions  were 
heated  up  in  air  in  quartz  evaporating  dishes  until  all  excessive 
water  evaporated.  A  sol-gel  transition  was  observed  during  the 
evaporation  process.  During  further  heating  of  the  obtained  gels, 
at  temperatures  exceeding  200  °C,  a  decomposition  of  nitrides  was 
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observed.  For  higher  temperatures  (around  400  °C)  a  decompo¬ 
sition  and  oxidation  of  the  remaining  organic  matrix  took  place, 
leaving  a  black  colored,  very  fine  grained  precursor  powder.  The 
XRD  analysis  of  the  precursor  powder  showed  almost  completely 
amorphous  state  with  no  clearly  defined  diffraction  peaks.  The 
obtained  precursor  powders  were  thoroughly  mixed  in  agate  mor¬ 
tar,  formed  into  pellets  by  uniaxial  pressing  at  100  MPa  and  heated 
at  800  °C  in  air  for  1  h.  This  step  was  introduced  in  order  to  minimize 
the  amount  of  residual  carbon  after  EDTA  and  citric  acid  decompo¬ 
sition.  After  cooling  to  room  temperature  (RT)  the  samples  were 
grounded  in  mortar,  pressed  uniaxially  at  100  MPa  into  pellets  of 
13  mm  diameter  and  about  1  mm  thickness,  and  heated  in  air  at 
800  °C  for  18  h  and  slowly  cooled  to  room  temperature.  Second 
series  of  the  samples  was  obtained  by  the  same  route,  only  with 
a  different  final  heating,  performed  at  900  °C.  The  samples  heated 
at  800  °C  are  named  in  this  text  as  E800,  while  the  ones  obtained  at 
900  °C  are  named  as  E900.  Relative  density  of  the  pellets  was  mea¬ 
sured.  The  obtained  values  were  about  80%  for  all  of  the  samples, 
suggesting  rather  poor  sinterability. 

Crystal  structure  of  the  samples  was  characterized  by  the  X- 
ray  diffraction  (XRD)  using  an  X-ray  diffractometer  (Phillips  X’Pert 
Pro)  with  CuKa  radiation.  The  measurements  were  performed  in 
the  10-80°  range.  The  X-ray  patterns  were  analyzed  using  Rietveld 
method  with  RayFlex  software.  This  structural  analysis  was  sup¬ 
plemented  with  Scanning  Electron  Microscopy  (SEM)  and  Energy 
Dispersive  X-Ray  Spectroscopy  (EDX)  studies. 

Despite  rather  low  relative  density  of  the  pellets  it  was  possi¬ 
ble  to  compare  transport  properties,  as  all  of  the  pellets  exhibited 
almost  the  same  relative  density.  Nevertheless,  in  terms  of  the  spe¬ 
cific  electrical  conductivity  an  additional  error  can  be  expected. 
According  to  the  simplified  Bruggeman  equation  for  samples  with 
relative  density  equal  80%,  the  real  values  of  the  electrical  conduc¬ 
tivity  are  equal  1.43  times  the  measured  ones.  This  corresponds 
to  the  relatively  small  correction  equal  +0.15  on  the  log  a  scale.  It 
must  be  noticed  however  that  the  activation  energy  of  the  elec¬ 
trical  conductivity  is  generally  not  affected  by  this  error,  also,  the 
thermoelectric  power  measurements  are  not  affected  as  Seebeck 
coefficient  is  not  related  to  the  sample  density  or  shape. 

The  electrical  conductivity  measurements  were  performed 
in  air  in  RT-800°C  range  by  a  pseudo-four  probe  DC  method 
using  platinum  electrodes.  Samples  with  cuboid  shape  of  about 
3  mm  x  3  mm  x  8  mm  were  used  for  the  measurements. 

The  thermoelectric  power  measurements  were  carried  out  in  air 
in  50-800  °C  temperature  range.  Measurements  were  performed  by 
means  of  a  dynamic  method.  Two  thermocouples  were  used  to  con¬ 
trol  temperature  on  both  sides  of  the  sample.  An  additional  heater 
was  used  to  heat  up  one  side  of  the  sample  about  3-5°.  A  ten  point 
dependence  of  the  changes  of  the  thermoelectric  voltage  as  a  func¬ 
tion  of  temperature  difference  between  both  sides  of  the  sample 
was  measured.  A  liner  regression  was  performed  on  the  obtained 
data  in  order  to  calculate  slope  of  the  dependence,  which  gave  value 
of  the  Seebeck  coefficient.  For  thermoelectric  power  dependence 
as  a  function  of  temperature  only  points  with  linear  correlation 
coefficient  R  >  0.99  were  used. 

In  order  to  obtain  deintercalated  samples, 
Lii.o3(Mn1/3Co1/3Ni1/3)o.97  02  pellets  weighing  about  0.1  g  were 
placed  in  Li/Li+/Lii.03-y(Mn1/3Co1/3Ni1/3)0.97O2  cells  and  charged 
up  to  desired  lithium  composition.  1  M  solution  of  LiC104  in 
ethylene  carbonate  (EC)/dimethyl  carbonate  (DMC)  electrolyte 
was  used.  Due  to  the  relatively  low  electrical  conductivity  of  the 
pellets  and  because  no  additives  were  used  in  the  construction 
of  the  cell  the  used  charge  rates  were  low  (10-20  p,A cm-2).  Cell 
voltage  during  charge  process  was  measured  using  a  computer 
controlled  amperostat  Rest  32k.  The  maximum  voltage  was  set  at 
4.6  V.  After  charging  a  relaxation  process  was  introduced.  Change 
smaller  than  9  mV/24  h  of  the  cell  voltage  was  set  as  a  criterion  of 


the  end  of  the  relaxation.  Before  measuring  transport  properties, 
pellets  were  thoroughly  rinsed  in  acetone  and  dried. 

To  evaluate  electrochemical  performance  of 
Lii.o3(Mni/3Co1/3Ni1/3)o>97  02  as  the  cathode  material,  the  pos¬ 
itive  electrodes  were  prepared  by  mixing  the  obtained  powders 
(75wt.%)  with  polyvinilidene  fluoride  (10wt.%)  dissolved  in  N- 
methyl-2-pyrrolidone  (NMP)  together  with  carbon  black  (7.5  wt.%), 
and  micrometric  size  graphite  (7.5  wt.%).  The  obtained  paste  was 
spread  on  the  surface  of  aluminum  foil.  Using  such  prepared 
cathode,  metallic  lithium  anode,  and  1 M  LiC104  in  EC/DMC 
electrolyte,  the  cells  were  assembled  in  a  glove  box  filled  with 
argon.  Charge-discharge  curves  were  measured  using  a  computer 
controlled  amperostat  Rest  32k.  A  relatively  fast  C/3  rate  was  used. 
The  voltage  of  the  charge-discharge  processes  was  set  to  be  in 
the  2.5-4.6V  range.  Lithium  diffusion  coefficient  was  measured 
by  GITT  technique  and  for  some  compositions  by  EIS  technique. 
For  impedance  measurements  Solartron  1252A  FRA  together  with 
1287  Electrochemical  Interface  were  used.  The  obtained  spectra 
were  fitted  using  ZView  software. 

3.  Results  and  discussion 

3.1  Structure  and  microstructure 

All  of  the  obtained  lithium-manganese-cobalt-nickel  oxides 
from  E800  and  E900  series  were  single  phased  and  possessed  trig¬ 
onal,  R3m,  layered  type  crystal  structure.  Li+/Ni2+  cation  mixing 
was  estimated  not  to  exceed  3%.  Unit  cell  parameters  and  calcu¬ 
lated  crystallite  sizes  are  presented  in  Table  1.  A  linear  decrease  of 
a  and  c  parameters  with  the  increasing  lithium  excess  was  observed. 
A  difference  between  E800  and  E900  series  is  not  significant  and 
may  be  related  to  some  lithium  loss  and  a  difference  in  oxygen 
nonstoichiometry  which  occur  at  higher  temperatures. 

It  was  reported  that  3d  metals  in  LiMn1/3Co1/3Ni1/302  have  dif¬ 
ferent  oxidation  states:  Mn4+,  Co3+  and  Ni2+  [28,29].  Also,  it  was 
found  that  the  additional  lithium  present  in  these  materials  causes 
an  oxidation  of  Ni2+  to  Ni3+  [5,30].  Consequently,  the  results  pre¬ 
sented  in  Table  1  can  be  explained  by  taking  into  account  the 
difference  of  the  ionic  radii  between  Ni2+  ions  (0.69  A),  Ni3+  (low 
spin  0.56  A)  and  Li+  (0.76  A).  Due  to  the  electroneutrality  principle, 
one  additional  Li+  ion  causes  the  oxidation  of  two  Ni2+  to  Ni3+  ions 
and  overall  it  leads  to  the  shrinkage  of  the  unit  cell  [24]. 

The  calculated  crystallite  sizes  presented  in  Table  1  show  that 
the  EDTA  based  synthesis  yields  sub-micron  powders  with  E900 
series  having  larger  crystallite  sizes  than  E800  series  for  all  the 
compositions.  With  the  excess  of  lithium  a  decrease  of  the  crys¬ 
tallite  size  was  observed  for  both  series.  Exemplary  SEM  images 
for  Li103(Mn1/3Co1/3Ni1/3)o.97  02  E800  and  E900  samples  are  pre¬ 
sented  in  Fig.  1.  Similar  agglomerates  consisting  of  many  smaller 
crystallites  may  be  observed  in  both  cases. 

A  distribution  of  3d  metals  in  the  obtained  materials  was  verified 
using  EDX  spectroscopy  and  was  found  to  be  homogenous  for  all  of 
the  samples. 

3.2.  Transport  properties 

High  temperature  electrical  conductivity  and  thermoelectric 
power  data  are  presented  in  Figs.  2  and  3.  For  both  series  of  materials 
a  significant  difference  in  the  electrical  conductivity  between  the 
stoichiometric  LiMn1/3Co1/3Ni1/302  and  the  samples  with  excess 
of  lithium  was  observed.  A  large  decrease  of  the  activation  energy 
from  about  0.5-0.6  eV  to  about  0.3  eV  and  a  substantial  increase  of 
the  electrical  conductivity  was  observed. 

Extrapolating  the  high  temperature  electrical  conductivity  data 
for  the  stoichiometric  compounds  we  estimated  that  the  RT  value  is 
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Fig.  1.  SEM  micrographs  of  (a)  Lii.o3(Mn1/3Coi/3Ni1/3)o.9702  E800  and  (b) 
Lii.o3(Mni/3Coi/3Nii/3)o.9702  E900  samples. 


very  low  and  is  in  the  10-8  Son-1  range.  For  LiMn^Co^Ni^C^ 
oxide  transition  metal  ions  exhibit  corresponding  electronic  con¬ 
figurations:  Mn4+  t2 g3eg°,  low  spin  Co3+  t2g6eg°,  Ni2+  t2g6eg2,  so 
there  are  no  free  charge  carriers,  therefore  no  effective  transport 
can  take  place.  This  would  explain  low  electrical  conductivity  (Figs. 
2a  and  3a)  and  high,  positive  values  of  the  thermoelectric  power 


(a)  800  600  400  200  T  [°C] 


T  [°C] 


Fig.  2.  Temperature  dependence  of  (a)  electrical  conductivity  and  (b)  thermoelectric 
power  ofLi1+x(Mni/3Co1/3Ni1/3)i_x02  E800  samples  at  high  temperatures.  Activation 
energies  Ea  were  calculated  in  the  RT-400°C  range. 


(Figs.  2b  and  3b).  Comparing  to  previous  results  for  LiCo02  [31] 
and  LiNii_yCoy02  [32]  one  may  notice  several  orders  of  magni¬ 
tude  lower  electrical  conductivity  and  higher  activation  energy  for 
LiMn! /3  Co! /3  Ni! /3  02  material.  Additionally  for  this  sample  the  elec¬ 
trical  conductivity  was  smaller  comparing  to  previous  report  for 
LiNi0.5-yMn0.5-yCo2yO2  series  [33]. 

Lithium  excess  x  =  0.03  caused  a  three  orders  of  magni¬ 
tude  improvement  of  the  electrical  conductivity  of  the  material, 
Lii.03(Mni/3Co1/3Ni1/3)0.97O2  samples  possess  the  electrical  con¬ 
ductivity  at  RT  equal  to  about  10-5Scm-1  (Figs.  2a  and  3a). 
For  Lilio6(Mn1/3Co1/3Ni1/3)o.9402  composition  further  increase  of 
the  electrical  conductivity  of  about  one  order  of  magnitude  was 
observed.  The  improvement  of  the  transport  properties  of  sam¬ 
ples  with  lithium  excess  may  be  directly  related  to  the  appearance 
of  the  Ni3+  cations  which  allow  hopping  between  Ni2+  and  Ni3+ 


Table  1 

Lattice  constants  (in  hexagonal  setting)  and  crystallite  size  calculated  from  X-ray  data  for  Lii+x(Mn1/3Coi/3Ni1/3)i_x02  samples. 


Composition 

E800 

E900 

Lattice  constants  [A] 

Crystallite  size  [nm] 

Lattice  constants  [A] 

Crystallite  size  [nm] 

LiMn1/3Coi/3Ni1/302 

a2.8628(l) 

105 

0  2.8634(1) 

300 

c  14.2447(6) 

c  14.2460(4) 

Lii.o3(Mn1/3Coi/3Ni1/3  )o.9702 

o  2.8605(1) 

90 

0  2.8618(1) 

210 

c  14.2292(9) 

c  14.2360(1) 

Lii.o6(Mni/3Coi/3Nii/3)o.9402 

a  2.8587(2) 

70 

0  2.8582(1) 

200 

c  14.2160(20) 

c  14.2232(1) 
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(a)  800  600  400  200  T  [°C] 


T[°C] 


Fig.  3.  Temperature  dependence  of  (a)  electrical  conductivity  and  (b)  thermoelectric 
power  of  Lii+X(  Mni/3  Coi /3  Nii/3  )i _x02  E900  samples  at  high  temperatures.  Activation 
energies  £a  were  calculated  in  the  RT-400°C  range. 

ions.  Furthermore,  a  decrease  of  the  unit  cell  a  parameter,  which 
may  be  related  to  the  effectiveness  of  the  3d  metal  orbitals  over¬ 
lap,  favors  enhancement  of  the  transport  properties.  Nevertheless, 
even  the  best  conducting  Lii.oeCMn^Co-^Ni^Jo^C^  samples 
possess  lower  conductivity  than  LiCo02  or  LiNi1_yCoy02  com¬ 
positions.  Due  to  the  electronic  configuration  of  Mn4+  and  Co3+ 
these  cations  do  not  participate  in  the  charge  transport  at  lower 
temperatures.  Assuming  perfect  oxygen  stoichiometry  and  oxi¬ 
dation  states  of  Mn  equal  +4  and  Co  equal  +3,  in  case  of  the 
Lii.o3(Mn1/3Co1/3Ni1/3)o.97  02  composition,  the  formal  average  oxi¬ 
dation  state  of  Ni  would  increase  to  2.19  and  furthermore  increase 
to  2.38  for  the  Lili06(Mn1/3Co1/3Ni1/3)0.94O2  composition.  An  effec¬ 
tive  charge  transport  between  Ni2+  and  Ni3+  in  a  narrow  Ni  eg 
band  states  may  be  expected  with  higher  values  of  the  electrical 
conductivity  and  lower,  but  still  positive,  due  to  the  dominance 
of  the  Ni2+  states,  values  of  the  Seebeck  coefficient  (Figs.  2b  and 
3b). 

3.3.  Structural  and  transport  properties  of  deintercalated 

LU.03-y(Mny3COy3Ni1/3)0'97O2 

In  order  to  obtain  deintercalated  samples, 
Lii.03(Mn1/3Co1/3Ni1/3)oi97  02  composition  from  E800  and  E900 
series  were  chosen,  due  to  their  better  electrical  conductivity 
as  compared  to  the  stoichiometric  samples,  and  also  because 
their  theoretical  capacity  remains  very  high.  We  were  able  to 
use  cathode  pellets  in  lithium  batteries,  so  open  circuit  voltage 
(OCV),  structural  and  electrical  measurements  presented  below 


Fig.  4.  Open  circuit  voltage  of  deintercalated  Lii.03-y(Mn1/3Coi/3Ni1/3)0.97O2  E800 
and  E900  pellets. 

were  performed  on  pure  materials  without  any  additives.  Due  to 
major  problems  with  deintercalation  of  pellet  sized  samples  the 
electrical  conductivity  measurements  of  deintercalated  materials 
are  not  performed  often.  They  require  very  long  times  of  the 
deintercalation  process  with  low  current  density  and  sufficient 
electrical  conductivity  of  the  cathode  material  in  order  to  obtain 
homogenous  samples  suitable  for  measurements. 

In  Fig.  4  OCV  data  for  Li103-y(Mn1/3Co1/3Ni1/3)o.97  02  E800  and 
E900  samples  as  a  function  of  lithium  content  in  the  0<y<0.7 
range  are  presented.  The  monotonous  character  of  OCV  changes 
was  observed.  Such  a  behavior  may  be  explained  assuming  that  the 
electronic  states  of  the  oxidized  3d  metals  (Ni3+,  Ni4+  and  Co4+)  cre¬ 
ate  one  effective  energy  band.  Detailed  analysis  of  the  changes  of  the 
oxidation  states  for  deintercalated  Li1_yMn1/3Co1/3Ni1/302  was  pre¬ 
sented  by  Li  et  al.  [34],  which  revealed  that  even  for  higher  degrees 
of  the  deintercalation  some  amounts  of  Ni2+  and  Co3+  remained  in 
the  material.  The  observed  OCV  for  higher  deintercalation  degree 
is  somewhat  lower  than  reported  in  literature  [35],  suggesting 
some  instability  and  oxygen  loss  from  the  samples  [22].  The  evolu¬ 
tion  of  the  unit  cell  parameters  as  a  function  of  lithium  content 
in  Lili03-y(Mn1/3Co1/3Ni1/3)0.97O2  is  presented  in  Fig.  5.  A  linear 
decrease  of  the  a  parameter  and  a  corresponding  increase  of  the 
c  parameter  during  deintercalation  can  be  noticed.  This  behavior 
was  observed  only  up  to  0.4-0.5  mol  extracted  of  lithium.  Further 
deintercalation  in  the  measured  range  caused  a  decrease  of  the  c 
parameter  and  the  increase  of  the  a  parameter,  more  pronounced 


Fig.  5.  Lattice  constants  evolution  during  deintercalation  of 
Lii.o3-x(Mn1/3Coi/3Ni1/3)o.9702  pellets. 
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Fig.  6.  Electrical  conductivity  of  deintercalated  Lii.o3-x(Mn1/3Coi/3Ni1/3)o.9702  pel¬ 
lets  from  (a)  E800  series  and  (b)  E900  series. 


in  case  of  the  E800  series.  Similar  data  can  be  also  found  in  the 
literature,  however,  there  is  some  disagreement  concerning  the 
changes  of  the  unit  cell  volume  [6,21,22].  Our  results  seem  to  sup¬ 
port  data  presented  by  Choi  and  Manthiram  [22],  but  the  calculated 
changes  are  smaller  ( AVIV0  =  0.7%  for  y  =  0.5).  The  increase  of  the 
c  constant  initially  may  be  correlated  with  the  increasing  oxida¬ 
tion  state  of  3d  metals  and  therefore  higher  repulsion  of  layers. 
For  higher  deintercalation  degree,  the  amount  of  lithium  is  insuf¬ 
ficient  to  support  layers.  Therefore  collapsing  of  the  structure  may 
be  expected.  The  initial  decrease  of  the  a  parameter  could  be  con¬ 
nected  to  the  smaller  size  of  the  oxidized  3d  metal  ions. 

The  temperature  dependences  of  the  electrical  conductivity  for 
deintercalated  Li^-ytMn^Co^Ni^o^C^  samples,  for  y  =  0.1; 
0.3;  0.5  and  0.6,  from  both  series  are  presented  in  Fig.  6a  and  b. 
Initially,  for  y  =  0.1  the  observed  values  of  the  electrical  conductiv¬ 
ity  were  only  somewhat  higher,  comparing  to  the  corresponding 
initial  materials.  For  these  compositions  the  formal  oxidation  state 
of  Ni  is  equal  to  2.50.  Consequently,  the  observed  increase  of  the 
electrical  conductivity  can  be  explained  as  a  result  of  the  increase 
of  the  charge  carrier  concentration,  which  is  accompanied  by  the 
decrease  of  the  3d-3d  metal  distance  (decrease  of  the  a  parameter). 
For  samples  with  higher  deintercalation  degree  (y  =  0.3 ;  0.5  and  0.6) 
further  increase  of  the  electrical  conductivity  of  about  1-2  orders 
of  magnitude  was  observed  (Fig.  6a  and  b). 


Fig.  7.  RT  dependence  of  the  electrical  conductivity  as  a  function  of  the  3d-3d  metal 
distance  for  initial  Lii.03(Mni/3Co1/3Nii/3)0.97O2  and  deintercalated  samples. 

The  observed  increase  of  the  electrical  conductivity  could  be 
associated  with  the  appearance  of  additional  Ni4+  and  Co4+  cations 
created  by  lithium  removal  during  deintercalation,  which  allow  for 
additional  hopping  between  3d  sites  and  with  further  decrease  of 
the  a  parameter.  While  the  decrease  of  the  3d-3d  metal  distance 
observed  during  deintercalation  is  quite  significant,  the  observed 
values  are  too  high  for  the  insulator-metal  transition  to  appear. 
A  semi-empirical  parameter  Rc ,  calculated  according  to  Goode- 
nough’s  equation  [36],  for  which  insulator-metal  transition  occurs 
is  equal  to  2.845  A  for  the  Lii^Mn^Co^Ni^o^C^  composi¬ 
tion.  It  is  a  smaller  value  than  the  actual  distance  between  3d 
cations  (2.86  A).  During  deintercalation  the  actual  distance  between 
3d  cations  decreases,  but  also  the  Rc  decreases  due  to  the  changes 
in  the  average  oxidation  state  of  transition  metals  accompanied  by 
changes  of  the  average  spin  state.  The  actual  3d-3d  metal  distance 
remains  always  above  the  critical  Rc  and  no  insulator-metal  transi¬ 
tion  occurs.  For  comparison,  in  case  of  LixCo02  such  insulator-metal 
transition  was  observed  [31],  with  Rc  being  a  good  qualitative 
parameter  describing  it. 

Fig.  7  shows  values  of  the  electrical  conductivity  for  starting 
Lii.o3(Mn1/3Co1/3Ni1/3)oi9702  and  deintercalated  samples  as  a  func¬ 
tion  of  the  3d-3d  metal  distance.  The  observed  dependence  for 
both  series  of  materials  is  quite  linear.  This  means  that  the  3d-3d 
metal  distance  plays  an  important  role  in  the  transport  properties. 
Surprisingly,  the  increase  of  the  electrical  conductivity  is  not  cor¬ 
related  with  a  decrease  of  the  activation  energy  (Fig.  6a  and  b).  The 
activation  energy  of  the  electrical  conductivity  remains  almost  the 
same  for  all  deintercalated  samples.  Additional  studies  are  needed 
to  explain  this  result. 

The  observed  increase  of  the  electrical  conductivity  of  the  dein¬ 
tercalated  samples  may  be  beneficial  in  terms  of  the  application  of 
these  materials.  It  would  improve  macroscopic,  charge  distribution 
over  the  cathode  material. 

3.4.  Electrochemical  properties 

The  lithium  diffusion  coefficient  as  a  function  of  the  deinter¬ 
calation  degree  in  the  cathode  material  was  measured  by  GITT 
method  and  for  some  compositions  using  EIS  technique.  Detailed 
discussion  of  the  procedures  applied  to  this  type  of  materials  was 
presented  by  Shaju  et  al.  [35].  As  shown  in  Fig.  8,  the  values  of 
DLi  remain  in  the  5  x  10-11  to  10-9  cm2  s-1  range  for  both  series 
of  the  materials.  No  significant  dependence  of  DLi  as  a  function 
of  lithium  content  was  observed.  The  data  from  EIS  measure¬ 
ments  for  Lii.o3-y(Mn1/3Coi/3Ni1/3)o.97  02  E900  well  matches  the 
values  obtained  by  GITT  method.  Due  to  some  uncertainty  about 
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Fig.  8.  Lithium  diffusion  coefficient  as  a  function  of  lithium  concentration  for 
Lii.03-y(Mn1/3Coi/3Ni1/3)0.97O2  E800  and  E900  series. 

an  assumption  of  the  contact  area  between  the  cathode  material 
and  the  electrolyte,  the  values  of  the  lithium  diffusion  coefficient 
for  both  series  of  materials  can  be  considered  to  be  the  same  within 
the  error  range.  Similar  values  of  DLi  were  reported  previously  for 
Lii_yMn1/3Co1/3Ni1/302  [35]. 

The  intercalation  process  can  be  described  as  an  ambipo- 
lar  diffusion  of  lithium  and  electrons.  In  case  of  LixCo02  a 
close  correlation  between  the  electrical  conductivity  and  the 
lithium  diffusion  coefficient  was  proved  [31].  Despite  rather  sig¬ 
nificant  increase  of  the  electrical  conductivity  for  deintercalated 
Lii.o3-y(Mn1/3Co1/3Ni1/3)oi9702  samples  (Fig.  6a  and  b),  values  of  the 
lithium  diffusion  coefficient  remain  almost  constant  in  the  whole 
range  (Fig.  8 ).  The  observed  results  suggest  that  the  electronic  trans¬ 
port  in  the  case  of  Lii.03-y(Mn1/3Co1/3Ni1/3)o>97  02  samples  is  not  the 
limiting  factor  for  lithium  movement. 

In  Fig.  9  preliminary  data  regarding  discharge  characteris¬ 
tics  of  Li/Li+/Lii03-y(Mn1/3Co1/3Ni1/3)0.97O2  cells  are  presented. 
In  both  cases  (E800  and  E900  cathode  materials)  the  discharge 
was  performed  at  C/3  rate  down  to  2.5  V.  Initially,  the  cells 
were  charged  up  to  4.6  V.  On  the  contrary  to  the  E800  mate¬ 
rial,  which  performed  rather  poorly,  the  curves  obtained  for 
Lii.03-y(Mn1/3Co1/3Ni1/3)0.97O2  E900  cathodes  are  quite  promising. 
The  observed  capacity  in  both  discharges  exceeded  175  mAh  g-1. 
This  major  difference  between  these  materials  can  be  only 
attributed  to  the  different  crystalline  sizes  (Table  1 ),  as  structural 
and  transport  properties  of  both  Lii.03(Mn1/3Co1/3Ni1/3)o.97  02  com- 


Fig.  9.  First  two  discharge  curves  of  Li/Li+/Lii.o3-y(Mn1/3Coi/3Ni1/3)o.9702  cells  per¬ 
formed  at  C/3  rate. 


pounds  were  almost  the  same.  It  seems,  that  the  microstructure  of 
the  cathode  material  is  crucial  in  terms  of  the  actual  performance 
in  lithium  cells,  with  grain  size  being  important  parameter,  which 
needs  to  be  optimized. 

4.  Conclusions 

The  presented  soft  chemistry  EDTA  based  method  was  suc¬ 
cessfully  applied  for  obtaining  layered  Lii+x(Mn1/3Co1/3Ni1/3)i_x02 
oxides.  The  excess  of  lithium  caused  the  linear  decrease  of  the 
unit  cell  parameters.  Additional  Ni3+  present  in  the  samples  with 
the  excess  of  lithium  improved  their  transport  properties.  It  was 
possible  to  measure  OCV,  structural  and  transport  properties  on 
deintercalated  Li1>03-y(Mn1/3Co1/3Ni1/3)0.97O2  pellets  (y  =  0.1;  0.3; 
0.5  and  0.6).  Deintercalation  of  lithium  was  found  to  cause  the  lin¬ 
ear  decrease  of  the  a  parameter  and  the  increase  of  the  c  parameter 
of  the  unit  cell,  but  only  up  to  0.4-0.5  mol  of  extracted  lithium. 
The  improvement  of  the  electrical  conductivity  for  deintercalated 
samples  was  quite  significant  and  it  can  be  attributed  to  the  increas¬ 
ing  amounts  of  Ni3+,  Ni4+  and  Co4+  cations  and  to  the  decreasing  a 
parameter.  Lithium  diffusion  coefficient  as  a  function  of  deinter¬ 
calation  degree  was  measured  for  Lii.03-y(Mn1/3Co1/3Ni1/3)0.97O2 
samples  and  was  found  to  be  in  the  5  x  10-11  to  10-9  cm2  s-1  range. 
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